Bacterial luciferase and NADH:FMN oxidoreductase have been immobilized onto arylamine glass beads. These immobilized enzymes can detect as little as 0.2 pmol of NADH per assay sample. Glucose-6-phosphate dehydrogenase has been co-immobilized with these enzymes, and with this system it is possible to quantitate 1 pmol of glucose 6-phosphate. By co-immobilizing a fourth enzyme, hexokinase, onto the glass beads, the system can reproducibly detect 20 pmol of glucose per liter. These immobilized enzyme systems are potentially superior to soluble enzymes by being reusable and much more stable. We compared the light-emitting properties of the immobilized enzyme systems with that of an equivalent mixture of the soluble enzymes. The most striking difference was the apparently more efficient conversion of NADH or glucose 6-phosphate to light by the immobilized enzymes. We used hydroxysteroid dehydrogenase in developing a soluble coupled system for the assay of androsterone and testosterone. The lower limit of detection was 100 pmol.
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enzymatic activity . bioluminescence assay #{149} NADH . glucose androsterone testosterone #{149} steroids . hormones Bacterial luciferase is an enzyme readily extracted from a variety of luminous marine bacteria. In the presence of FMNH2,' oxygen, and a long-chain aldehyde, it catalyzes an oxidative reaction that results in the emission of blue light (1) (2) (3) (4) (5) (6) . The initial maximum light intensity, jo, of the emitted light is proportional to the concentration of the limiting substrate, or to enzyme concentration if substrates are saturating (7) . In vitro, the addition of FMNH2 to a reaction mixture containing luciferase, oxygen, and aldehyde results in a flash of light that persists only a short time because of the removal of excess FMNH2 by rapid auto-oxidation (8, 9) . If a second enzyme capable of generating free FMNH2 is added to the luciferase system, light emission will continue at a constant intensity until FMNH2 production ceases. Such an FMNH2-generating enzyme is also extractable from the luDepartment of Chemistry, University of California, San Diego, La Jolla, CA 92093.
ReceivedApr.27,1979;acceptedJune 7, 1979 . 'Nonstandard abbreviations used: G-6-P, glucose 6-phosphate; BSA, bovineserum albumin;jo, initial maximum intensity oflight emittedinthebioluminescence assay; R0, initial rateofincrease in light intensity. minous bacteria (10) (11) (12) (13) . Beneckea harveyi contains two such enzymes, an NADH and an NADPH:FMN oxidoreductase (EC 1.6.99.3 and 1.6.99.1) (14, 15) . These enzymes catalyze the oxidation of NADH or NADPH, coupled to the reduction of FMN to FMNH2.
In a coupled light-generating system of luciferase and oxidoreductase, the initial maximum intensity, 1, of the emitted light is proportional to the concentration of the limiting substrate, in particular NAD(P)H (16), or to the product of the concentrations of the two enzymes when the substrates are saturating (11) . If this coupled system is extended further by the addition of one or more enzymes that are able to produce NAD(P)H, then 1o will be proportional to the substrate or enzyme that is present in limiting quantities (17) (18) (19) . We have immobilized luciferase and both oxidoreductases onto solid glass supports that are attached to a glass rod (20) . These immobilized enzymes have been used to quantitate low concentrations of NADH or NADPH, and they are stable and reusable. These immobilized enzymes have also been used for detecting low concentrations of enzymes that produce NAD(P)H; specifically, lactate dehydrogenase (EC 1. We have also developed a soluble system for assaying testosterone and androsterone.
In this assay, the NADH produced by hydroxysteroid dehydrogenase (EC 1.1.1.5.0 and EC 1.1.1.5.1) is utilized by the oxidoreductase-luciferase in a coupled assay. The light produced is directly proportional to the concentration of the steroid present.
Materials and Methods

Chemicals
The following materials were purchased as indicated. Yeast hexokinase (500 U/mg), glucose-6-phosphate dehydrogenase from Torula yeast (400 U/mg), G-6-P, FMN, testosterone, androsterone, and decanal were from Sigma Chemical Co.,St. 
Enzyme Preparation
Luciferase was purified according to the method of Gunsalus-Miguel et aL (23) as modified by Baldwin et al. (24) with two additional steps: chromatography on a Sephadex G-100 column, 2.5 X 80cm, followed by passage through both affmity columns used in the purification of the two oxidoreductases (15) . Both the NADH and NADPH:FMN oxidoreductases were purified as previously described (15) to an activity of 60-80 U/mg.
Immobilization
We have described elsewhere (22) the cementing of arylamine porous glass beads to capillary rods, the activation of the glass, and the immobilization of purified luciferase and oxidoreductase.
We prepare immobilized luciferase-oxidoreductase enzymes by immersing the activated glass rod into a solution containing, 
Instrumentation
Light emission was measured with an Aminco Chem-Glow photometer (American Instrument Co., Silver Spring, MD 20910), and an Aminco recorder. We determined total light measurements with an Aminco integrator-timer; by taping down the "accumulate" switch, we could integrate for longer than 60 s. Spectrophotometric measurements were determined with a Cary 219 recording spectrophotometer (Varian Instruments, Sunnyvale, CA 94086).
Enzyme Assays
We performed all assays at 23 #{176}C. Soluble luciferase and soluble and immobilized oxidoreductases were assayed as previously described (22) . To assay immobilized luciferase, we generated FMNH2 with a large excess of soluble NADH:
FMN oxidoreductase. The immobilized-enzyme rod containing luciferase was immersed in 0.5 mL of a solution containing, per liter, 40 mg of NADH:FMN oxidoreductase, 3.3 mmol of NADH, 2.5 tmol of FMN, 5 tL of decanal, 2 g of BSA, and 0.1 mol of potassium phosphate, pH 7 .0. Additional NADH or oxidoreductase did not produce a greater maximum intensity of light emission. This method estimates immobilized luciferase activity to be 10-to 25-fold greater than with the previously used technique of injecting FMNH2 (20) . We consider this new procedure for estimating immobilized Luciferase activity to be a more reliable estimate of true activity.
The soluble luciferase can be assayed either by injection of FMNH2 or with excess oxidoreductase in the coupled assay, and this light intensity will be the same with either procedure. The discrepancy between the two methods of assay with the immobilized luciferase is probably because of the auto-oxidation of FMNH2 before it can diffuse to all of the immobilized luciferase molecules.
For coupled light-emitting assays of substrates, we take an aliquot of the material to be assayed in 0.1 mol/L potassium phosphate, pH 7.0, and place it in an assay tube containing 0.5 mL of a solution with all the necessary components for light production, either in the soluble or the immobilized form. When the immobilized enzyme rods are used, they are rinsed after each assay with 0.1 mol/L potassium phosphate, pH 7.0, containing 0.5 mmol of dithiothreitol per liter. We assay soluble Torula yeast and L. mesenteroides glucose-6-phosphate dehydrogenase by adding the enzyme to 1 mL of a solution containing, per liter, 1 mmol of NADP and 10 mmol of G-6-P (for yeast enzyme) or 2 mmol of NAD and 4 mmol G-6-P (for bacterial enzyme), in 0.1 mol potassium phosphate, pH 7.0, and monitor the change in absorbance at 340 nm. The immobilized forms are assayed in the same solutions by dipping the rod into the cuvette and mixing for 1-mm intervals. After removing the rod, we measure the change in absorbance at 340 nm.
Results
Determinationof NAD(P)H
The reactions catalyzed by the NAD(P)H:FMN oxidoreductase and luciferase are shown below:
The FMNH2 produced by reaction (1) can be used by luciferase reaction (2) to produce light. There is another competing reaction for FMNH2, namely, the auto-oxidation reaction: Figure 1 shows the time course of light emission when excess FMNH2 is injected into a solution of luciferase (A), or when NADH is injected into a solution containing oxidoreductase Background light emission, which is observed in the absence of any added NAD(P)H, is the limiting factor in. preparing a more sensitive soluble detection system at this time. This background emission may be due to traces of NAD(P) NADH concentration is determined in an immobilized coupled assay by monitoring jo upon the addition of NADH to the reaction mixture. This procedure is rapid and sensitive.
For a typicalimmobilized enzyme rod that had been stored frozen for 1.5 years,the range in linearityof 1 with added NADH is from 0.2 pmol/L to 20 nmol/L. NADH concentrationcan alsobe determined by monitoring the initial rate of increase in light intensity, R0, upon the addition of NADH to the immobilized system (Figure 2a) . R0, in relative light units per second, is directly proportional to NADH concentration, as is 1. Total light emitted, as determined by integration, is also linearily related to the NADH concentration.
At low concentrations of NADH, 20 pmol/L, the complete conversion of NADH to NAD and light occurs within 30 mm. Increasing the concentration of NADH results in proportionally longer reaction times. Therefore, at amounts of NADH greater than 20 pmol/L, it is impractical to determine the total light produced. 1o and R0 are each acceptable measures of the amount of NADH present under these circumstances.
To make a direct comparison of NADH-stimulated Light emission from the immobilized enzymes vs. the soluble enzymes, we performed the following experiment. First we assayed the immobilized luciferase-oxidoreductase rod for the individual enzyme activities. Then we prepared a soluble system containing equivalent activities of each enzyme. This soluble system was used to assay increasing amounts of NADH; the results are shown in Figure 2b . All three parameters were found to be directly proportional to NADH concentrations over the range examined. When the soluble enzymes are used, the complete conversion of NADH to NAD and light occurs within several minutes. Table 1 contains data from a typical experiment with the immobilized enzyme rods and a comparable soluble luciferase-oxidoreductase system. 'o for the soluble system is about twice that of the immobilized enzymes, and R0 is about fourfold greater for soluble enzymes. At 5 pmol of NADH per liter, the total light emission is nearly equal, but at 20 pmol/L, threefold more total light is emitted by the immobilized enzymes. It is apparent from the data of Figure 2 and Table 1 as the NADH concentration is increased, the ratio of FMNH2 being utilized for light production (reaction 2) vs. auto-oxidation (reaction 3) is changing. At higher concentrations of NADH, more of FMNH2 is being utilized for light production.
Determinationof Glucose 6-Phosphate
When glucose-6-phosphate dehydrogenase and NAD are added to the soluble light-producing system of luciferase and oxidoreductase, it is possible to quantitate low concentrations of G-6-P by measuring J. for detecting G-6-P are given in Table 2 . The immobilized enzymes with glucose-6-phosphate dehydrogenase from either L. mesenteroides or Torula yeast were testedfor their response to low amounts of G-6-P. With as a measure of G-6P present, the Torula yeast system could detect as little as 10 pmol, whereas L. mesenteroides could accurately detect down to 1 pmoL with accuracy. Figure  3a shows the variation of jo, R0, and total light emitted with G-6-P concentration for the immobilized system with the L rnesenteroides enzyme; Figure 3b shows the data obtained with a comparable soluble system. All three parameters are directly proportional to concentration of G-6-P for the soluble system, whereas only jo and R0 are directly proportional for the immobilized system. The total light becomes greater at higher concentrations of G-6-P, similar to results with the immobilized luciferase-oxidoreductase system. Addition of 5 pmol of NADH results in the same Jo as the addition of 5 pmol of G-6-P, indicating that the conversion of G-6-P to NADH is essentially quantitative. Comparing the two systems, the Jo's for both systems are similar, whereas R0 is at least 10 times greater for the immobilized system. This increase in initial rate of light emission was not observed when only oxidoreductase and Luciferase were immobilized but is very apparent when three enzymes are co-immobilized.
The total lightemitted at 100 pmol of G-6-P is three times greater for the immobilized system.
Determination of Glucose
The immobilized system for determining G-6-P was extended one step further to detect glucose by including hexokinase in the coupling mixture. In the presence of all the necessary substrates, added glucose was found to be linear with J0 from 20 pmol to 10 nmol (Figure 4 ). For this system the arylamine porous beads had to be cemented to the capillary tube with RTV silicone rubber adhesive, because hexokinase, added to the immobilized enzyme system, broke down the epoxy glue that is routinely used. Sensitivity to glucose could not be increased, because of some unidentified component in the soluble mixture of substrates that produced substantial background emission, possibly a sugar or a sugar phosphate. We found that this component could eventually be consumed by the reaction, but only after 1 h or longer. An immobilized system for the determination of creatine phosphate was prepared by adding creatine kinase to the previous coupling mixture. This immobilized enzyme system proved useless, however, because of an extremely high background light upon the addition of glucose. We have made no attempts to further purify the individual substrates and enzymes. The commercial preparation of hydroxysteroid dehydrogenase contained a significant amount of aLdehyde dehydrogenase activity and NADH oxidase activity, which interfered with the determination of lower concentrations of steroid. It was also necessary to dilute out as much as possible of the methanol used in preparing the steroid stock solutions, because an alcohol dehydrogenase activity also caused background emission. Because of these contaminating activities, we did not attempt immobilization of this system. The slope of the calibration is less than 1 ( Figure 5 ) probably because of an inhibitor in the crude enzyme.
Determination of Steroids
Discussion
In summary, it is possible to co-immobilize up to four different enzymes with retention of at least some of the catalytic activities.
We have not systematically examined all possible experimental conditions with regard to optimizing the linking of active enzymes. It is very likely that a study of the conditions used during Linking, such as pH, salt concentration, and buffer composition, will reveal conditions that are much more favorable for immobilizing active enzymes. It is certainly true that the use of Sepharose as a solid support results in significantly greater enzymatic activity in an immobilized oxidoreductase and luciferase preparation.
We are currently examining a large variety of supports to determine which one will be most efficient for maintaining enzyme activity. Our use of the porous glass beads cemented to rods originated because we needed a method of keeping the beads uniformly suspended in front of the photomultiplier tube so that the emitted light could be measured sensitively and reproducibly.
However, it should be possible to design a sample chamber that could use any solid supporting material.
One of the most serious factors limiting detection of lower amounts of either substrates or enzymes is the presence of contaminating traces of dehydrogenases, particularly an apparent aldehyde dehydrogenase activity, which is always present. Some of the commercial enzymes used also contained significant amounts of various dehydrogenase activities. It would probably be possible to further purify these enzymes by passage over the NAD and NADP-affinity columns, thereby lowering the background light.
Another source of background emission is light-stimulated luminescence (25) . A certain fraction of inactive luciferase molecules contain a bound flavin. This bound fiavin can be photo-excited by ambient light and is responsible for emission of light (26); This emission is observed when luciferase, either soluble or immobilized, is handled in room light and introduced into the photometer. This emission will decay to an insignificant intensity within several seconds in the dark photometer chamber.
One of the more interesting observations is the apparent increase in efficiency of NADH going to light production at higher concentrations of NADH with the immobilized enzymes. This may be due to the fact that FMNH2 is accumulating at the surface of the beads, where it is in proximity to the bound luciferase molecules.
Such a condition could favor the reaction of FMNH2 with luciferase rather than with 02. This explanation is consistent with the observation that more light was obtained from immobilized luciferase when the FMNH2 was generated continuously by the oxidoreductase than when the FMNH2 was injected. Although a complete study has not been performed, at the lowest concentrations of substrates assayed, the precision (CV) was ±10%. Finally, the soluble coupled assay is currently capable of detecting lower amounts of NADH, but the immobilized enzymes are reusable and may be stored, probably indefmitely. We have used rods that are now approaching two years of storage age. We have not been able to store the purified oxidoreductase for this period of time without a significant loss of activity. If conditions can be found, therefore, where a higher percentage of active enzyme is linked to the glass beads, then the immobilized system will be superior in all respects to the soluble system. An added advantage of the luminescent assays is the extreme sensitivity of detection. This permits dilution of the samples such that most interfering substances become negligible. This work was supported by grants from the National Science Foundation and the National Institutes of Health, GM24621.
